As revealed recently by the VLBI data of the radio emission following GW170817/GRB 170817A, there was an off-axis energetic relativistic outflow component launched by this historic double neutron star merger event.
INTRODUCTION
After the first binary neutron star coalescence event (GW170817) being detected by mankind , a large number of follow-up observations have been carried out (e.g., Alexander et al. 2017; Coulter et al. 2017; Covino et al. 2017; Cowperthwaite et al. 2017; Goldstein et al. 2017; Margutti et al. 2017; Pian et al. 2017; Savchenko et al. 2017; Troja et al. 2017 ), leading to a broad discussion on the physical picture underlying the multi-wavelength signals. In the field of short gamma-ray burst (sGRB), the energy flux of GRB 170817A, the observed inclination angle of the binary orbital axis with respect to our line of sight (although with a large uncertainty) as well as the behaviors of the X-ray and radio afterglow do help to constrain the GRB models Jin et al. 2018; Lazzati et al. 2018; Finstad et al. 2018; Beniamini et al. 2018; Yue et al. 2018) ; however, the central engine and how it powered the multi-wavelength emission is still in debate (Kasliwal et al. 2017; Murguia-Berthier et al. 2017; Yu et al. 2018; Ma et al. 2018; Meng et al. 2018; Mooley et al. 2018; Geng et al. 2018; Lin et al. 2018; Pooley et al. 2018 , see also Fan et al. (2013) for a highly relevant investigation though on GRB 130603B, the first short event with a reliably identified macronova/kilonova signal that should have a neutron star merger origin too).
Long before the era of gravitational wave astronomy, three competing models for sGRBs' central engine energy extraction are proposed and widely discussed: the Blandford-Znajek (BZ hereafter) mechanism (Blandford & Znajek 1977) or neutrino annihilation (Eichler et al. 1989 ) of the BH-accretion disk system, and the model involving a magnetar central engine (Duncan & Thompson 1992; Gao & Fan 2006 ). In the BH-accretion disk scenarios, one widely known fact is that the BlandfordZnajek mechanism can launch the relativistic outflow much more efficiently than the neutrino process when the accretion rate is lower than ∼ 0.01M ⊙ s −1 (Fan et al. 2005) . If the progenitor stars of a sGRB is a neutron star binary, benefited from the narrowly distributed total gravitational mass (M tot ) of the Galactic binary neutron star systems and the reasonably evaluated dimensionless spin parameter of the nascent black hole, the mass of the accretion disk (M disk ) that launched the sGRB outflow can be straightforwardly estimated with the observation data, as initially proposed by Fan & Wei (2011) . These authors then collected 10 sGRBs with the relatively reasonably-constrained geometry-corrected energy outputs. Within the neutrino scenario, the required M disk are found to be too massive to be realistic in half of the sample, indicating that either these bursts were due to the magnetic process or the progenitor stars could be black hole-neutron star systems (Fan & Wei 2011) . Liu et al. (2015) compared the predicted luminosities of the two mechanisms with both long and short burst samples, and their result showed that with the assumed combinations of spin and disk mass, the neutrino annihilation may not produce enough luminosity for some of wangyz@pmo.ac.cn(YZW), yzfan@pmo.ac.cn (YZF) and dmwei@pmo.ac.cn (DMW) the samples. The magnetic process was also favored for the tentative GBM Transient 150914 (Li et al. 2016 ) that was claimed to be potentially associated with GW150914 (Connaughton et al. 2016) .
However, for GRB 170817A, the first short burst with a detected gravitational wave signal, the approach of Fan & Wei (2011) can not be directly applied. As an extremely under-luminous short event, the physical origin of GRB 170817A itself is still unclear. Fortunately, the gravitational wave data ) and in particular the very long-baseline interferometry (VLBI) data (Mooley et al. 2018) unambiguously suggest that GW170817/GRB 170817A are off-axis events. Therefore, it is most likely that the relativistic outflow of GW170817/GRB 170817A is structured (for example, a narrowly-collimated ultra-relativistic jet with a wide mildly-relativistic outflow/cocoon, as suggested in Jin et al. (2007 Jin et al. ( , 2018 ), for which the M disk can not be reliably estimated with the data of GRB 170817A alone. The modeling of the VLBI data yields a total energy of the off-axis relativistic jet in the range of 10 49 − 10 50 erg. If this energy is extracted from a rapidly rotating black hole (BH) formed in the merger, then M disk can be inferred. Together with the BNS parameters measured from Ligo/Virgo observation on GW170817, the inferred disk mass can be further used to constrain the equation of state (EoS) of neutron stars, as revealed in the numerical simulations (Dietrich et al. 2017; Shibata et al. 2017; Shibata & Taniguchi 2006) . This work is mainly motivated by such prospects.
This work is structured as follows. In Section 2, by assuming the central remnant of GW170817 is a black hole (BH) with a hyper-accreting disk, we estimate M disk in both the neutrino annihilation model and BZ mechanism, with which the energy extraction process has been constrained in turn. The constraint on the EoS from GW/GRB joint observations has been examined in Section 3. We have some discussions in Section 4.
THE DISK MASSES ESTIMATION: THE NEUTRINO ANNIHILATION MODEL AND BZ MECHANISM
The roles of the neutrino annihilation and BZ mechanism in launching the relativistic outflow from a hyper-accreting black hole have been widely investigated (Liu et al. 2015 , and the references therein). For GW170817, the total gravitational mass of the BNS ∼ 2.75M ⊙ is larger than 1.2 times of the TOV mass of many EoSs, so it is very likely that a hypermassive neutron star (HMNS) was formed (a prompt BH could be formed for some soft EoSs). The HMNS was short lived since the viscosity effect, GW radiation and neutrino cooling usually brake the differential rotation rapidly. The lifetime of HMNS can range from several milliseconds to greater than several tens of milliseconds (Shibata et al. 2017; . Since the delay of GRB 170817A with respect to the merger time is ∼ 1.75s, we assume that the nascent HMNS had collapsed into a BH within this timescale.
The energy output of BZ and neutrino (annihilation) mechanisms are all related to the accretion disk mass (M disk ). Below we briefly introduce the formulae, and generate the possibility distributions of M disk through Monte Carlo simulations.
neutrino annihilation model
The energy output of a hyper-accreting stellar mass BH by the neutrino-antineutrino annihilation process has been widely discussed in the literature (e.g., MacFadyen & Woosley 1999; Popham et al. 1999; Liu et al. 2007; Zalamea & Beloborodov 2011) . With the empirical relation between the annihilation luminosity and the parameters of central engine found by Zalamea & Beloborodov (2011 ), Fan & Wei (2011 proposed that in the double neutron star merger-powered on-axis sGRB scenario the disk mass can be estimated as
where E GRB,51 is total geometry-corrected outflow energy of the on-axis GRB scaled by 10 51 erg, x ms = r ms /r g (r ms is the radius of the last stable orbit, r g is the Schwarzchild radius), and M BH is the mass of black hole. F grb is the fraction of the total neutrino annihilation energy that eventually powered the GRB outflow. We note that the above equation actually estimates the infalling mass of the accretion disk, which accounts for the majority of the total disk mass M disk . Taking the portion of mass carried away by the wind as F wind , we have
The duration of the central engine activity t act is determined by the viscous timescale of the accretion disk and can be estimated by (Fernández et al. 2015 )
where α is the viscosity parameter of the disk, H/R is the ratio of the disk scale height to the local cylindrical radius. In the following investigation we take H ∼ R ≈ 100 km.
Blandford-Znajek mechanism
In the presence of an ordered and strong magnetic field in the accretion disk, the BZ mechanism (Blandford & Znajek 1977 ) would possibly be the dominant way of extracting power from the rapidly rotating black hole. The total luminosity of the relativistic outflow driven by this mechanism is (Lee et al. 2000 )
where a is the dimensionless spin parameter of the BH,
H,6 is the strength of the magnetic field in the horizon,ṁ is the accretion rate and have
Multiplying t act in both sides and considering that E GRB ≈ F grb L BZ t act (where E k is the geometry-corrected kinetic energy of the relativistic outflow that powers the afterglow emission and η is the efficiency of the prompt gamma-ray radiation) and m disk = mt act , we have
Interestingly, the disk mass is irrelevant to the BH mass and the viscosity parameter.
Simulation for the probability distributions of M disk
In the above we have outlined the relations between the total energy of relativistic outflow and the M disk for the given mechanisms. However, several parameters in the above equations can not be directly measured in the observation, bringing uncertainties on the estimate of M disk . On the other hand, the estimated outflow energy of 10 49 − 10 50 erg by Mooley et al. (2018) is based on the very late afterglow observation, and does not account for the prompt emission (the energy fluence of GRB 170817A measured by Fermi-GBM was recorded off-axis, which is likely well below the intrinsic energy of the prompt emission). For these considerations, we parameterize the uncertainties and perform the Monte Carlo simulations to derive the probability distribution of M disk as follows.
We denote the outflow energy estimated by Mooley et al. (2018) as E k , thus the E GRB in Eq.
(1) can be expressed as E GRB = E k /(1 − η), where η = E γ /(E γ + E k ) is the radiation efficiency. Statistics on gamma-ray bursts showed that their radiation efficiencies can reach ∼ 90% (Fan & Piran 2006; Zhang et al. 2007; Fong et al. 2015) , so initially we assume the η for GRB 170817A, if viewed on-axis, is uniformly distributed between 0.1 and 0.9. For neutrino annihilation driven outflow, the subsequent GRB may be produced by the internal shocks between the shells of the outflow. Theoretically, within the framework of internal shock models, the radiation efficiency of GRBs can only be up to ∼ 60% (Kobayashi & Sari 2001) . Hence in the following simulation of neutrino annihilation model we also set the upper bound of η to be 0.6 for comparison. As for the BZ mechanism, the GRB may be produced by the large scale magnetic energy dissipation process with a radiation efficiency comparable to that inferred from the previous observations. However, the assumption of η ∼ 0.9 would lead to the highest isotropic equivalent energy of the prompt emission (if viewed on-axis) ∼ 2.4 × 10 53 erg (by taking θ j ∼ 5degree as estimated in Mooley et al. (2018) ), which is higher than the most luminous sGRB that has been observed (i.e., 1.08 × 10 53 erg for GRB 060121; Berger 2014). Therefore in the simulation we also set an upper limit of the prompt gamma-ray emission E lim = 1.08 × 10 53 erg comparing with the η < 0.9 case.
To estimate the uncertainties of t act , the viscosity parameter α is assumed to be uniformly distributed between 0.01 and 0.04, following Shibata et al. (2017) . To account for the masses dissipated in the disk wind, by consulting the result of hydrodynamic simulation in Fernández et al. (2018) , we assume the fraction of dissipated mass F wind uniformly distributed between 0.16 and 0.22.
In the neutrino annihilation model, the mass of the central BH is needed. One information that can be included is the total mass of the BNS measured by Ligo/Virgo observation. We collect the posterier samples for the primary and secondary neutron stars released by the newest parameter estimation paper (The LIGO Scientific Collaboration et al. 2018) , and due to the energy conservation, the mass of the final black hole can be approximately estimated by Kiuchi et al. 2009) , where M ej is mass of dynamical ejecta, m 1 + m 2 represent the total gravitational mass of the BNS, and ∆E is the energy lose by gravitational wave, the change of binding energy during the formation and collapse of HMNS (if the BH is not promptly formed) and other dissipating processes. Generally speaking, the amount of ejected mass could not be larger than several 0.01M ⊙ (Shibata et al. 2017; , except for some very hard EOSs like MS1b (Dietrich et al. 2017 ) that might have already been excluded by LIGO observation ). We also assume that ∆E is small comparing to the total gravitational mass, thus we take M BH ≈ m 1 + m 2 − M disk for simplicity 1 . The spin of the final BH is found to be narrowly distributed (Kiuchi et al. 2009 ). For prompt BH formation it is ∼ 0.78, weakly depending on the total mass and the mass ratio of the BNS. If a HMNS is first formed, the spin of the final BH is slightly smaller, ranging from 0.59 to 0.76 in Dietrich et al. (2017) and Shibata et al. (2017) . Considering these results, we take a uniform distribution for a ranging from 0.6 to 0.8.
Finally, the constraint on the bulk Lorentz factor of the outflow by Mooley et al. (2018) is Γ 0 > 10. Aloy et al. (2005) showed that the matters with Lorentz factors larger than 10 occupy ∼ 0.35 − 0.6 of the total annihilation energy. Therefore, the distribution of F grb is taken as a uniform distribution within this range. We assume that the F grb for BZ mechanism also follows this distribution.
Having all of the uncertain parameters (i.e., F grb , F wind , η, α, a for neutrino annihilation model and F grb , F wind , η, a for BZ mechanism) being assigned to their distributions, we extract the parameter sets (the E k is extracted from a uniform distribution between 10 49 − 10 50 erg) by Monte Carlo simulations. We calculate the disk mass in both kinds of energy extraction processes for the simulated parameter sets with Eq.(1) and Eq.(5). For the neutrino annihilation model, since we also need m 1 and m 2 as input, the number of parameter sets are equal to the number of posterier samples provided by The LIGO Scientific Collaboration et al. (2018) (i.e., 3952 for low spin prior samples and 9117 for high spin prior samples). For the BZ mechanism, we simulate 10 5 parameter sets. Since the M BH in Eq.(1) also relates to m disk , we iterate the m disk to obtain its final value.
Recently, by adopting four different EoSs, found that the disk mass is tightly correlated with the combined tidal parameterΛ:
whereᾱ = 0.084, β = 0.127, γ = 567.1, and δ = 405.14. This finding is interesting sinceΛ of the BNS can be measured by gravitational wave detectors, hence the limitation onΛ can also constrain M disk . Indeed,Λ for GW170817 has already been inferred from the LIGO/Virgo observation data, which can be used to constrain the mass of the accretion disk through Eq.(6) and then help us to distinguish between the energy extraction models. We collect the posterior samples for Λ 1 and Λ 2 from The LIGO Scientific Collaboration et al. (2018), and calculate the posterior distribution of the combined tidal parameterΛ(Λ 1 , Λ 2 , m 1 , m 2 ) following the treatment of The LIGO Scientific Collaboration et al. (2018) . The resulting histogram ofΛ is then smoothed with kernal density estimation, and we re-sample 10 4Λ to calculate the posterior distribution of M disk .
The simulation results
Our simulation result for the probability distribution of M disk is summarized in Tab.1 and shown in Fig.1 . The solid lines in Fig.1 are the probability density functions (PDFs) for M disk obtained via kernal density estimation on the histograms derived from the simulation. In the neutrino annihilation model, for η < 0.9 the disk mass is ∼ 0.347 −0.177 M ⊙ in the low and high spin cases, respectively. The difference between the two cases is tiny, due to the total mass posterior distributions for these two cases are rather similar. With the assumption of η < 0.6, the lower bound of the symmetric 90% credible interval degrades to ∼ 0.15M ⊙ .
The disk mass estimated in the BZ mechanism is about an order of magnitude smaller, being ∼ 0.023
−0.018 M ⊙ in the case of η < 0.9 and ∼ 0.022
−0.017 M ⊙ in the request of E γ,iso < E lim . As expected, the consideration of E lim significantly lowered the upper limit on M disk . The comparison of M disk distribution between the two mechanisms indicates that for a given disk mass, the BZ mechanism is about 10 times more efficient than the neutrino process. suggests that the disk mass is suppressed to ∼ 0.001M ⊙ if the BH is formed promptly, so our result implies the formation of a HMNS.
In Fig.2 , we present the histogram of M disk based on the constraint of advanced LIGO/Virgo onΛ. A large portion of the samples (40% in low-spin case and 52% in the high-spin case) concentrates in the first bin (i.e., M disk ∼ 0.001M ⊙ ). This can be understood as the peaks ofΛ posterior distributions inferred from the LIGO/Virgo data are below 250 (The LIGO Scientific Collaboration et al. 2018). With Eq.(6), it is straightforward to show M disk 0.001M ⊙ forΛ ≤ 250. Since the PDFs decrease as M disk increase in the rough, we can only place the 90% upper limit on the M disk in both low-spin and high-spin cases, which are 0.116M ⊙ and 0.098M ⊙ , respectively (see the dash-dot line and dotted line in Fig.2 ). The relatively low upper-limit of M disk in the high-spin case is likely due to a smaller upper-limit ofΛ. These upper limits on M disk indicate that the disk mass is less than ∼ 0.1M ⊙ . Comparing with the distributions shown in Fig.1 , we find that the 90 percent credible interval of BZ mechanism is within this limit, while the lower bound of the 90 percent credible interval of neutrino annihilation mechanism is not. Therefore we conclude that the neutrino annihilation is not capable of providing all of the energy for the relativistic outflow of GW170817, while the BZ mechanism may play a key role.
THE CONSTRAINT ON EOS
In the previous Section, we have used the constraint onΛ set by the gravitational wave data to test the energy extraction models and found out that the BZ mechanism is favored. Below we assume that the BZ mechanism was the underlying process of launching the relativistic outflow following GW170817, the inferred probability distribution of M disk can in turn constrain theΛ and hence the EoS models of the neutron stars.
With Eq. (6) we can obtain the probability distribution forΛ constrained by the energy of the relativistic outflow of GW170817, as summarized in Tab.1. We draw our results in Fig.3 in a form resembling Fig.11 of The LIGO Scientific Collaboration et al. (2018) . Different from the constraints set by the GW data (The LIGO Scientific Collaboration et al. 2018) , our distribution is un-bimodal, with the 5th, 50th and 90th percentile at 273, 353, 602 for η < 0.9. This interval is narrower than the constraints set by gravitational wave data, disfavoring the WFF1 EoS model. The constraint in the case of E γ,iso < E lim is even tighter, with the 5th, 50th and 90th percentile at 273, 352, 548, respectively. As mentioned before, for the BZ mechanism, the parameters that affect the distribution of M disk are the BH spin a, the fraction of mass ejected in the disk wind F wind , the radiation efficiency η and the fraction of energy that powers the prompt emission (onaxis) and its afterglow F grb . We have evaluated the uncertainties of the first two parameters based on the numerical simulations, and limit the range for η from observations. The value of F grb is more uncertain. A lower F grb would lead to a higher disk mass, and thus loosen the constraints onΛ. If we further adjust the lower bound of F grb to 0.1 on the basis of the η < 0.9 case in simulation, the resulting 90% credible interval for disk mass will become 0.007 − 0.171M ⊙ , and the corresponding limitation oñ Λ is 280 − 739. However, it is unlikely that the case with both η ∼ 0.9 and F grb ∼ 0.1 would happen. Since the influence of η and F grb on modifying the estimate on the total energy released by the central engine is in the form of
(1−η)F grb , considering that taking η ∼ 0.9 would have already overestimated the prompt emission energy of GRB170817A and hence overestimated the total energy of the outflow, taking F grb ∼ 0.1 may exacerbate the overestimation. For this reason, we take the limitation in the case of η < 0.9 (i.e., 273 − 602) as the constraint onΛ from the outflow of GW170817.
DISCUSSION
In this work, we have estimated the mass of the accretion disk that can launch the relativistic outflow following GW170817. Both the neutrino annihilation mechanism and BZ mechanism have been examined and the uncertainties on the relevant model parameters have been taken into account. We show that the mass of the accretion disk required in the neutrino annihilation model is too massive to be consistent with that indicated by the gravitational wave data deduced posterior distribution ofΛ. Such a problem does not happen to the model involving BZ mechanism. These facts may point towards the magnetic energy extraction process of GRB 170817A and its associated energetic relativistic outflow. Such a result is actually expected since the magnetic process can extract the energy from the rapidly rotating black hole much more efficiently than the neutrino process unless the accretion rate is very high (i.e., 1 M ⊙ s −1 ). With the disk mass probability distribution calculated for BZ mechanism, we further derive the probability distribution forΛ. The 90% credible interval ofΛ for the progenitor of GW170817 is found to be 273 − 602, which favors APR4 and SLy-like equation of state models of neutron stars.
Interestingly, when this work was in its final stage, Radice & Dai (2018) PDFs ofΛ constrained from the outflow energy of GW170817 based on the BZ mechanism in the high-spin (top) and low-spin (bottom) cases, similar to The LIGO Scientific Collaboration et al. (2018) . The blue solid line represents the request of η < 0.9, and the green solid line represents the request of E γ,iso < E lim . Vertical lines mark the symmetric 90% credible interval.
the GW signal and the kilonova counterpart to constrainΛ, and also derived a lower limit ∼ 300 forΛ. Applying their way of estimating the radius of neutron star to our data, a radius of a 1.4M ⊙ neutron star of R NS ∼ (11.6
+1.2 −0.5 ± 0.2)km is inferred. Our method relies on the energy extraction model of the off-axis relativistic outflow, which is clearly different from the approaches presented in previous literature and provides an independent estimate on bothΛ and R NS . If the disk mass is large enough within probability distribution estimated from BZ mechanism, for example, ∼ 0.09M ⊙ and the disk wind carries away ∼ 22% of the mass, then ∼ 0.02M ⊙ of material in the wind may be capable to produce the blue component of the kilonova, making an unified physical picture to explain the EM counterparts of GW170817.
GRB 170817A is an under-luminous/off-axis event, which imposed some challenges on our modeling. In the future, if an on-axis/bright GRB as well as a clear break in the afterglow light curve have been well recorded, then the total energy of GRB's outflow can be more reliably inferred. With our approach, the constraints on the energy extraction process as well as the EoS of neutron stars will be significantly improved.
